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Artiﬁcial multiferroic systems, in which novel properties can emerge from elastic coupling between
piezoelectric and magnetostrictive phases, are a promising route to obtain signiﬁcant room-temperature
magnetoelectric coupling at the nanoscale. In this work, we have used element-speciﬁc soft x-ray photoemission
electron microscopy to spatially resolve the effects of ferroelectric BaTiO3 on the magnetic properties of
ferromagnetic layers of CoFe2O4 and NiFe2O4. Resulting from the large magnetoelastic anisotropy present
in these artiﬁcial multiferroic systems, a modiﬁcation of the orientation and symmetry of the magnetic easy axes
of the ferromagnetic ﬁlm upon changing the underlying domain structure of the ferroelectric has been observed.
This opens the possibility to strain-imprint magnetic states in these systems.
I. INTRODUCTION
In recent years, there has been a signiﬁcant increase
in interest in multifunctional properties of materials both
in single-phase form as well as in a variety of nanoscale
composite materials for use in applications such as transducers
or sensors.1–3 Ferromagnetic-ferroelectric composites have
been explored for more than thirty years, with examples
ranging from CoFe2O4-BaTiO3 (CFO-BTO) composites with
μm-sized grains cooled from eutectic mixtures4 to self-
assembled nanocolumnar thin ﬁlm heterostructures.5
Epitaxial thin ﬁlms have exhibited largemagnetoelectric in-
teractions between ferroelectric and ferromagnetic phases.6–8
The size of the magnetoelectric coupling depends on how
well the strain is actually transmitted between the compo-
nent phases and hence relies crucially on the quality of
the interface. In other words, defects such as dislocations,
voids, and grain boundaries have a deleterious effect on
the coupling. Other important factors still not completely
understood are the intermixing between the phases, the pinning
of domains, the residual conductivity in the composite that
may limit the strength of the applied electric ﬁeld, and
the inﬂuence of ﬁnite-size and surface/interface effects on
the net magnetoelectric behavior.2 Such factors can hinder
the efﬁcient electric ﬁeld switching, as in the case of CoFe2O4
pillars embedded in a BaTiO3 matrix where only roughly half
of the pillars reorient the magnetization upon application of an
electric ﬁeld to the matrix.5,9 Thus, the interactions between
ferroelectric and ferromagnetic phases on the scale of individ-
ual domains is essential information for the understanding of
magnetoelectric interactions in such strain-coupled composite
materials.
Soft x-ray spectroscopy is well suited to observe chemical
and magnetic properties of materials in an element-speciﬁc
manner10,11 and, in particular, strain effects in thin ﬁlm mag-
netic heterostructures.12 A spatially resolved measurement
of component phases in artiﬁcial multiferroics is possible
by using techniques such as x-ray photoemission electron
microscopy (PEEM), which offers a powerful tool for probing
both ferromagnetic order and structural ormagnetic anisotropy
through the use of polarization-dependent x-ray absorption at
speciﬁc elemental absorption edges.13 Using PEEM one can
investigate ferroic properties of a multiferroic material such as
BiFeO3, which has garnered much recent attention due to its
coincident room-temperature ferroelectric and antiferromag-
netic properties. Magnetoelectric coupling in BiFeO3-based
nanostructured systems has been measured in a spatially
resolvedmanner via both x-raymagnetic circular andmagnetic
linear dichroism (XMCD and XMLD) imaging,14,15 with the
so-called natural linear dichroism16 due solely to structural
sources of electronic anisotropy such as ferroelectricity also
present in such systems. Additionally, low-energy electron
microscopy can be used in conjunction with x-ray microscopy
to study domains in such multiferroic materials.17 However,
the complex nature of the magnetic and structural interface
between component phases in artiﬁcial multiferroic materials
such as the interface between BiFeO3 and CoFe15 suggests
that a detailed understanding of strain-mediated coupling in
multiferroic interfaces is needed.
In this work, we use a combination of PEEM-based XMCD
and x-ray linear dichroism (XLD) imaging to explore with
high spatial resolution the strain-mediated interaction between
a BTO crystalline substrate and a ferrimagnetic thin ﬁlm
of CFO or NiFe2O4 (NFO) grown epitaxially on the BTO
crystal. We ﬁnd an induced dichroism in the ferrimagnetic
ﬁlms grown on BTO whose origin is structural in nature, and
directly corresponds to the ferroelectric domain structure of the
BTO substrate. By determining the angular dependence of the
linear dichroism of the ﬁlm, we demonstrate that both uniaxial
and biaxial strain symmetries can coexist in the same sample,
which are directly linked to the orientation of the ferroelectric
axis of the BTO substrate domains. At room temperature,
a c-axis-oriented BTO domain, which has its ferroelectric
axis along the surface normal, yields a fourfold symmetric
strain state in the epitaxial ﬁlm, whereas a neighboring
a-axis-oriented BTO domain, whose ferroelectric axis is in the
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plane of the substrate, yields a twofold symmetric strain state
in the ﬁlm. On changing the orientation of the ferroelectric axis
of domains in the BTO substrate via temperature cycling, the
magnitude and symmetry of the ﬁlm strain is changed and as a
result we see large changes in the magnetic anisotropy of CFO
and NFO thin ﬁlms. Thus we show that magnetic states can
be modiﬁed via strain imprinting in an artiﬁcial multiferroic
system.
II. EXPERIMENTAL METHODS
The epitaxial ﬁlms measured in this work were grown
on lattice matched substrates supplied by MTI Corporation
using pulsed laser deposition. Sintered powder targets of
single-phase spinel oxides (supplied by SurfaceNet GmbH and
American Elements) were ablated using a 248 nmKrF excimer
laser at a ﬂuence of approximately 1.5 J/cm2. Three series of
samples were used to evaluate the domain structure in artiﬁcial
multiferroic systems: 25 nm thick CoFe2O4 on (100)-oriented
MgO and BaTiO3, and 33 nm thick NiFe2O4 on (100)-oriented
BaTiO3 substrates. During the deposition, the substrates were
maintained at an elevated temperature of 600 ◦C in a vacuum
better than 5 × 10−6 Torr. X-ray diffraction, reﬂectivity, and
reciprocal space mapping were performed with a Siemens
D500 diffractometer to conﬁrm the phase purity, orientation,
and thickness of the ﬁlms.
PEEM experiments were performed at the Sur-
face/Interface: Microscopy (SIM) beamline18 at the Swiss
Light Source and the PEEM3 microscope of the Advanced
Light Source. Samples were imaged at the Ti L2,3 edges of
BTO and the Fe L2,3 edges of CFO and NFO ﬁlms. Spectra of
individual domains were taken by varying the x-ray energy and
polarization as a function of sample temperature and azimuthal
orientation θ with the x-ray incidence direction at a grazing
angle of 16◦ with respect to the sample surface for the SIM
microscope and 30◦ for the PEEM3 microscope. For both
microscopes, vertically polarized x-rays have their electric
ﬁeld polarization axis perpendicular to the sample normal (i.e.,
sigma polarized).
The contrast given by XMCD is determined by the projec-
tion of magnetization M along the x-ray incidence direction k
which is collinear with the x-ray photon angular momentum.
We can write this relation as IXMCD ∝ | M| cosφ( M,k), and
the largest contrast difference is obtained for domains with
magnetization along and antiparallel to k.13 In this work,
XMCD images at a speciﬁc photon energy E are obtained
by taking the normalized difference between right and left
circularly polarized absorption images XMCD(E) = (IRCP −
ILCP)/(IRCP + ILCP) to maximize contrast from ferromagnetic
contributions and to suppress extraneous contrast originating
from topographical, chemical, work function, and inhomoge-
neous illumination effects across the ﬁeld of view.13
Similarly, the angular dependence of XLD contrast can be
parameterized as IXLD ∝ cos2 φ( A, E), with φ as the angle
between the anisotropy axis A and the x-ray polarization
vector E. X-ray linear dichroism angular dependence has
been ﬁtted to this equation to determine the axis orientation
in antiferromagnets such as LaFeO3,19–21 and more recently
has been used to determine the axis of ferroelectric order
in Pb(Zr,Ti)O3.22 Additionally, it has been found that due
to symmetry constraints, the angular dependence of XMLD
spectra depends on the crystal ﬁeld symmetry of the sample
of interest.23 Thus, XLD can be sensitive to strain-induced
changes in crystal ﬁeld symmetry in artiﬁcial multiferroic
systems. XLD images are obtained from the normalized
difference between horizontally and vertically polarized ab-
sorption images at a given photon energy and azimuthal angle
as XLD(E,θ ) = (IH − IV )/(IH + IV ) to emphasize contrast
from ferroic order and structural anisotropy while minimizing
the aforementioned extraneous contrast.
A large angular dependence on linear dichroism at the
Co and Fe L edges was found in previous x-ray absorption
studies of spinel thin ﬁlms,24,25 and to emphasize the angular
dependence in our samples, we use the Fe L2 XLD contrast
ratio I (θ ) = [XLD(L2b,θ ) − XLD(L2a,θ )]/Ipre-edge(θ ). Mea-
surements at temperatures between 260 K and 500 K were
performed using the SIM microscope, whereas measurements
from room temperature down to 160 K were taken using the
PEEM3 microscope.
III. RESULTS AND ANALYSIS
A. Substrate-induced modiﬁcation of the magnetic domain
structure of spinel thin ﬁlms
In order to determine the inﬂuence of the substrate-induced
strain on spinel thin ﬁlms, we have examined ferromagnetic
domains of CFO and NFO thin ﬁlms on both cubic dielectric
MgO and ferroelectric BTO substrates. While macroscopic
properties such as saturation magnetization and coercivity
are qualitatively similar between the ﬁlms, on the scale
of individual domains we have found a large difference in
magnetic anisotropy due to the polydomain nature of the BTO
substrate.
We ﬁrst compare the magnetic domain structure of demag-
netized CFO ﬁlms grown on (001) MgO and BTO substrates
via PEEM-XMCD imaging at the Fe edge as illustrated
in Fig. 1. Each of the samples were demagnetized via the
following protocol: The sample was placed between the poles
of an electromagnet and rotated about an in-plane [100] axis
at a frequency of approximately 10 Hz while reducing the
ﬁeld strength from 0.8 T to zero ﬁeld at 0.05 T/sec. For
the PEEM-XMCD images shown in this work, the contrast
is proportional to the component of magnetization projected
along the x-ray incidence direction, and in this case is aligned
along the horizontal axis of Fig. 1. We see that CFO ﬁlms
on both types of substrates show an average ferromagnetic
domain size of approximately 300 nm. However, while there
is no strong preference in orientation for the domains of the
CFO/MgO sample, a modulation of the magnetic contrast is
seen for the CFO/BTO sample whose period is on the order of
5 μm. Such a stripe modulation can be oriented either along
the in-plane 〈110〉 or 〈100〉 type directions for a (001) BTO
substrate, depending on the thermal history of the sample.
By taking local spectra as a function of energy and x-ray
polarization in the area marked by the box in Fig. 1(b), we
see that there is a large difference in absorption between
horizontally and vertically polarized x-rays, and a typical set of
absorption spectra and XLD is shown in Fig. 2. Fe absorption
spectra of the CFO and NFO samples have similar line shapes
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FIG. 1. (Color online) (a) Fe edge PEEM-XMCD image of CFO
magnetic domain structure on MgO substrate. (b) CFO magnetic
domains on BTO show a stripelike modulation of contrast whose
borders are aligned along a [100] in-plane direction. Dashed lines are
guides to the eye.
to spectra of Fe-containing spinels found in the literature.24,26
Areas in which the XMCD contrast shows stripe modulation
as in Fig. 1 also show a modulation of Fe L2 XLD with the
same periodicity as the XMCD modulation.
To evaluate this connection between the XMCD and
XLD stripe contrast, we have measured Fe L edge XMCD
and XLD domain images in the same area of a CFO/BTO
sample (Fig. 3). The vector components of room-temperature
magnetization in the CFO/BTO system can be measured by
taking advantage of the sensitivity of the XMCD effect to
the magnetization component only along the x-ray incidence
direction. By rotating the sample in the microscope through
seven azimuthal angles from 0◦  θ  180◦, we determined
the in-plane and out-of-plane magnetization components for
CFO domains with a spatial resolution below 100 nm.
FIG. 2. (Color online) (a) X-ray absorption spectra with horizon-
tal and vertical polarization at Fe L edge of the boxed area in Fig. 1,
with (b) difference in spectra showing large dichroism at L3 and L2
peaks.
FIG. 3. (Color) Magnetization projections along in-plane
(a) [100] and (b) [010] directions and (c) out-of-plane [001] direction
for a (001)-oriented CFO/BTO sample, with corresponding PEEM-
XLD image in panel (d), illustrating that the ferromagnetic easy axis
corresponds to the ﬁlm strain state as measured by XLD at the Fe L2
edge. The direction of x-ray incidence for panel (d) is indicated by
the arrow.
A color decomposition of the vector magnetization is shown
in Figs. 3(a)–3(c), illustrating that the modulation of contrast
is due to a strong in-plane uniaxial magnetic anisotropy in
each band [Figs. 3(a) and 3(b)], with neighboring bands having
anisotropy axes along orthogonal 〈100〉 in-plane directions and
almost no out-of-plane magnetization [Fig. 3(c)]. Imaging the
same area of the CFO/BTO sample using linearly polarized
x-rays [Fig. 3(d)] reveals that a stripe contrast corresponds
directly to the modulation in the XMCD image, showing
that there is a strong signature of this modulated magnetic
anisotropy visible in the XLD image.
To verify that the source of circular dichroism contrast is
magnetic in origin, we have taken room-temperature images
as a function of applied in-plane magnetic ﬁeld via a small
electromagnet coil placed underneath the sample. For this
ﬁeld-dependent experiment we used a NFO/BTO sample since
the coercive ﬁeld of NFO ﬁlms was found to be much lower
than that of CFO ﬁlms and close to the maximum applied ﬁeld
from the electromagnet coil. The demagnetized NFOmagnetic
domain structure as seen in Fig. 4(a) is similar to that of CFO
ﬁlms on BTO in terms of average domain size as well as the
periodic modulation of the contrast.
After negative and positive ﬁeld pulses of 500 Oe shown in
Figs. 4(b) and 4(c), respectively, a majority of the domains in
stripe 2 orient along the ﬁeld pulse direction, as seen by the
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FIG. 4. (Color online) Fe edge PEEM-XMCD image of
NFO/BTO in a 6 μm × 6 μm area (a) in the demagnetized state
and at remanence after (b) −500 Oe and (c) + 500 Oe ﬁeld pulses.
The difference images in XMCD contrast before and after (d) the
negative and (e) positive ﬁeld pulses indicate little contrast change in
stripes 1 and 3, and a large contrast change in stripe 2. The circled
regions show NFO domains which align strongly along the applied
ﬁeld directions.
increase in population of domains with dark contrast after the
−500Oepulse and a subsequent increase of light domains after
the +500 Oe pulse. However, there is no signiﬁcant change
in contrast for the neighboring stripes 1 and 3. To highlight
this change, the demagnetized domain image was subtracted
from the domain image after the −500 Oe pulse, and this
difference image is shown in Fig. 4(d). The difference of the
remanentXMCD image before and after the positive ﬁeld pulse
is shown in Fig. 4(e), conﬁrming that the magnetization in the
domains in stripe 2 can reversibly align along the applied ﬁeld
direction. A corresponding hysteresis loop taken in a vibrating
sample magnetometer indicates that at 500 Oe the NFO/BTO
sample magnetization averaged over all stripes reaches 25% of
saturation. We deduce from this result that the modulation of
contrast in the stripes indicates regions whose magnetic easy
axis is oriented along alternating in-plane 〈100〉 directions of
the BTO substrate.
B. Ferroelectric domain structure in BaTiO3 substrates
The origin of the stripelike pattern in the CFO and NFO
ﬁlms shown in Figs. 1, 3, and 4 can be further elucidated
by examining the BTO ferroelectric domain structure directly.
Due to the insulating nature of BTO, it is difﬁcult to image the
surface ferroelectric domain structure with PEEM without a
cap layer to reduce surface charging. Thus, in order to perform
spectromicroscopy on a BTO substrate, we use a 3.9 nm
thick SrRuO3 capping layer as a conductive top electrode. The
photoelectron escape depth and thus the PEEM probe depth
is on the order of 5 nm,27 so the BTO domain structure can
be imaged below the thin SrRuO3 layer. Figure 5(a) illustrates
the XLD contrast at the Ti L3a edge indicating several types
of domains, and based on the contrast of XLD the types of
domains at the surface of this BTO crystal are schematically
shown in Fig. 5(b).
Since the growth temperature exceeds the ferroelectric
Curie temperature of BTO, upon cooling the samples to room
temperature the BTO substrates are polydomain in nature.
As has been shown via polarized light microscopy,28,29 the
surface domain structure of polydomain BTO crystals arranges
in alternating bands of domains in which either 90◦ or 180◦
domain walls separate adjacent domains. Alternating in-plane
domains separated by 90◦ domain walls (a1-a2 type domain
variants) have their walls oriented along 〈110〉 directions,
and alternating in-plane and out-of-plane domains separated
by 90◦ domain walls (a-c type domain variants) have walls
oriented along 〈100〉 directions. By using linear dichroism
as a contrast mechanism for BTO, one is sensitive to the
axis of anisotropy in BTO and thus a difference in contrast
is seen when the ferroelectric axis is along or orthogonal to
FIG. 5. (Color) (a) Ti L3a edge linear dichroism image showing the different regions of a-c and a1-a2 domain variants in BTO and
(b) schematic of ferroelectric axis orientation for BTO surface domains. Spectra for the different domain variants are shown in panel (c),
illustrating that domains with ferroelectric axis along the x-ray incidence direction (e.g., variants a1 and a3) yield little linear dichroism, while
a2 and c domain variants show large and opposing dichroism peaks.

ht
tp
://
do
c.
re
ro
.c
h
the x-ray polarization. While this contrast mechanism cannot
distinguish the direction of ferroelectric polarization (e.g., c+
and c− domains would yield the same contrast), it is possible
to distinguish between c and a type domains in the left half of
Fig. 5(a) and to differentiate between a1 and a2 type domains
in the right half of Fig. 5(a). Thus, one cannot distinguish
between adjacent domains separated by 180◦ domain walls
via PEEM-XLD, but one can see contrast between adjacent
domains separated by 90◦ domain walls. When the Ti L
edge x-rays are polarized parallel to the surface normal, a
difference in absorption between in-plane and out-of-plane
domains is seenwhereas x-rays polarized parallel to the sample
surface show a contrast between domains of different in-plane
ferroelectric axis orientations.
Spectroscopy on each of these domain variants shown in
Fig. 5(c) reveals that there is a dichroism at the Ti L3a peak
for c-axis-oriented BTO similar to that of c-axis-oriented
Pb(Zr,Ti)O3 thin ﬁlms.30 A clear signature of the ferroelectric
axis orientation is the sign and intensity of dichroism at
the lowest energy (L3a) peak, with the dichroism peaks
in opposing directions for c-axis-oriented domains and a-
axis domains oriented perpendicular to the x-ray incidence
direction. The a-axis domains whose ferroelectric axis is
along the x-ray incidence direction show little linear dichroism
as seen in the a1 and a3 spectra of Fig. 5(c). In other
words, if the ferroelectric axis is oriented along the x-ray
incidence direction, then the orbital symmetry orthogonal
to the incidence direction results in the same absorption
spectra for horizontally or vertically polarized x-rays, and the
linear dichroism vanishes. However, if the ferroelectric axis
is oriented along either the horizontal or vertical polarization
axis, then the linearly polarized x-rays will be sensitive to
the asymmetry in the Ti ligand ﬁeld, and a linear dichroism
will exist. This is the change in dichroism spectra that we can
resolve in different domains [Fig. 5(c)], and can be used to
spatially map the ferroelectric axis in BTO domains.
C. Angular dependence of dichroism and
magnetic anisotropy in CFO
By careful measurement of the angular dependence of
the Fe linear dichroism in the CFO/BTO system, we have
determined the change in ﬁlm strain symmetry and thus
change in magnetic anisotropy in the magnetostrictive ferri-
magnetic CFO ﬁlm resulting from the BTO substrate domain
structure. The bulk lattice mismatch between spinel ferrites
(a ≈ 0.84 nm) and BaTiO3 (a ≈ 0.4 nm) leads to compressive
biaxial strain to ﬁrst order in the spinel ﬁlms. Due to the large
magnetostriction in CFO and NFO, any structural distortion
imposed by the substrate would result in a modiﬁcation of the
magnetic properties of the ﬁlm, and this in turn results in a
modiﬁcation of the magnetization of the ﬁlm as measured by
bulk magnetometry.7 Cubic (001)-oriented substrates yield a
fourfold in-plane strain symmetry, and CFO on SrTiO3 yields
four easy directions along 〈100〉 directions.31 Therefore, we
would expect a similar strain symmetry in the paraelectric
cubic phase of BTO above 410 K. At room temperature, BTO
is tetragonal (c/a ≈ 1.01) and thus a structural modulation
of the fourfold strain symmetry along or perpendicular to
the tetragonal axis is expected. At room temperature we can
consider the ﬁlm strain state as a combination of a biaxial
strain induced in the CFO ﬁlm due to the average lattice
mismatch between bulk CFO and BTO, and an additional
uniaxial strain contribution which depends on the ferroelectric
domain orientation of the BTO. By changing this ferroelectric
orientation, and thus modifying the ﬁlm strain state, one
induces changes in the ferromagnetic properties of the thin
ﬁlm.
As illustrated in Fig. 5, the surface domains of thermally
randomized polydomain BTO will show either a mix of c-
and a-axis domains or alternating bands of a-axis domains
with 90◦ domain walls. We have measured XMCD and XLD
images of CFO/BTO and NFO/BTO samples as a function of
sample azimuthal angle θ with either a1-a2 mixed domains
(e.g., Fig. 6) or a-c mixed domains (e.g., Fig. 7). Imaging
using linearly polarized x-rays at the Fe, Co, and Ni L
edges illustrates that there is strong modulation of the linear
dichroism contrast in a stripelike pattern across the CFO/BTO
and NFO/BTO samples. For clarity, we will only discuss the
Fe L2 edge linear dichroism angular dependence for CFO
samples, though similar results for XLD spectra intensity and
XLD angular dependence are found at the Co and Ni L edges.
The difference in spectral magnitude but similarity in line
shape between adjacent domains suggests that the adjacent ﬁlm
domains experience a difference in strain magnitude and/or
FIG. 6. (Color online) (a) Angular dependence of linear dichro-
ism in CFO at Fe L2 edge for a1-a2 type BTO domains at 295 K, with
XLDdomains in panel (b)measured at θ = 180◦ and arrow indicating
the in-plane [110] substrate direction. (c)–(e) XMCD domains in
a 7 μm × 11 μm area for a1 (stripe with red box) or a2 (stripe
with black circle) domain variants for various angles θ with the
x-ray incidence direction shown with small arrows, showing uniaxial
in-plane magnetic anisotropy.
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FIG. 7. (Color online) Angular dependence of linear dichroism
in CFO at Fe L2 edge for a-c type domain variants, with inset PEEM-
XLD image corresponding to the area of the PEEM-XMCD image
shown in Fig. 1(b). Clear differences in XLD symmetry due to the
underlying BTO a-c type domain structure are seen in the azimuthal
plot.
symmetry but not sign, which we hypothesize as resulting
from the modulation of the CFO strain due to the reduced
symmetry of the BTO unit cell. In order to conﬁrm this
hypothesis, we have measured the average CFO unit cell
dimensions by reciprocal space mapping of the symmetric 004
and asymmetric 606 reﬂections to yield a c/a ratio of 1.0047
at room temperature for the polydomain CFO/BTO sample
measured in Fig. 1(b), and a variation in room-temperature
out-of plane lattice parameter of approximately 0.2% was
found for repeated thermal cycling to 450 K which resulted in
different populations of a- and c-axis BTO domains.
From the angular dependence of the FeXLDwegain insight
into the strain symmetry of the ﬁlm resulting from the BTO
substrate. The experimental XLD contrast ratios are plotted
as a function of azimuthal angle θ in Figs. 6(a) and 7 and
the solid lines are cos2(θ ) ﬁts to the data. By comparing the
XLD symmetry to XMCD contrast, we directly determine how
the ﬁlm strain state inﬂuences the magnetic domain structure.
In the XLD image in Fig. 6(b), the linear dichroism domain
pattern for a region with two sets of twofold strain domains
(a1 and a2) is shown, and the corresponding magnetic domain
structure at the boundary between the two different strain
domain variants is shown in panels (c)–(e) with the x-ray
incidence direction indicated by the small arrows.
The CFO XLD domain boundaries align along the in-
plane 〈110〉 directions, and the maximum and minimum in
XLD contrast is obtained when the x-ray incidence direction
is aligned along the sample 〈100〉 directions. In order to
understand why the XLD contrast extrema are oriented along
〈100〉 directions, we can make a similar argument for CFO
to that for the XLD of BTO surface domains in Sec. III B. In
other words, for a CFO ﬁlm on a BTO a-axis domain, the large
lattice mismatch between CFO and BTO results in a smaller
in-plane compressive distortion along the BTO ferroelectric
axis and a larger compressive distortion orthogonal to it, and
the XLD is at a respective minimum and maximum for those
azimuthal angles. At room temperature, the BTO ferroelectric
axis is along 〈100〉 directions, and the CFO XLD symmetry
has corresponding extrema for those directions. From the
XMCD images in Figs. 6(c)–6(e), we see that the a1-a2
BTO substrate domains induce a strong uniaxial magnetic
anisotropy in the CFO coincident with the XLD domains, and
this uniaxial magnetic anisotropy is also along the in-plane
〈100〉 or 〈010〉 axis depending on the ferroelectric orientation
of the underlying BTO domain.
In Fig. 7 wemeasure the angular dependence of the FeXLD
contrast of CFO in an area of BTO with alternating a and c
domains. One domain variant has a linear dichroism minimum
at an azimuthal position θ = 90◦ and a maximum at θ = 180◦,
which corresponds to a reduction of the compressive distortion
of the Fe environment at 90◦ and an enhancement at 180◦ as
discussed above. This twofold symmetry is indicative of CFO
strained by an a-axis BTO domain as also seen in Fig. 6, with
the longer ferroelectric axis oriented along 90◦ reducing the
lattice mismatch between the CFO and BTO. In contrast, a
fourfold symmetric strain state in the CFO ﬁlm, which can be
seen by linear dichroism minima at 90◦ and 180◦, corresponds
to CFO strained by a c-axis BTO domain with ferroelectric
axis oriented along the surface normal.
D. Modiﬁcation of CFO magnetic anisotropy and magnetic
domain structure across BTO phase transitions
Making use of the tetragonal-orthorhombic and tetragonal-
cubic phase transitions of the BTO substrate, we have spatially
resolved the effect of different substrate domain conﬁgurations
on themagnetic domain structure and strain state of CFOﬁlms.
Below the cubic-tetragonal phase transition at 410 K, BTO
is ferroelectric, and upon cooling below room temperature
BTO undergoes a phase transition to an orthorhombic phase at
290K and further transitions to a rhombohedral phase at 190K.
In situ cooling of the CFO/BTO sample in the PEEM allows us
tomonitor the phase-transition-dependent changes inmagnetic
domain conﬁgurations with XMCD imaging and also to
spatially map the changes in ﬁlm strain state via XLD imaging.
A dramatic difference in the CFO ﬁlm domain structure can
be observed by imaging the same sample area at two different
temperatures with XMCD and XLD (Fig. 8). Note that while
the a1-a2 type BTO domains at room temperature induce
a strong magnetic contrast on the left side of Fig. 8(a) and
weak contrast on the right side of (a), the contrast becomes
more homogeneous in panel (b) at 260 K. There is a large
difference in XLD contrast at room temperature in this area
[Fig. 8(c)] whose contrast corresponds to the areas of strong
and weak magnetic contrast. At 260 K, the BTO substrate is
orthorhombic, and a substantial change in magnetic domain
structure is accompanied by a reduction in XLD contrast
between the various strain domains [Fig. 8(d)]. This reduction
suggests a more homogeneous distribution of strain states in
the CFO ﬁlm when the BTO is in the orthorhombic phase,
which results in a more homogeneous magnetic contrast at
260 K.
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FIG. 8. (Color online) Fe L edge PEEM-XMCD images of CFO domain structure on BTO in the same area above and below the
tetragonal-orthorhombic phase transition at (a) 295 K and (b) 260 K. PEEM-XLD images also taken at the same area at (c) 295 K and
(d) 260 K. Contrast levels are the same between panels (a)–(b) and panels (c)–(d), and red lines are added as guides to the eye indicating strain
domain boundaries. (e) Angular dependence of three different domain variants at 260 K, with θ = 0◦ along the in-plane [100] direction at
295 K, illustrating a change in ﬁlm strain symmetry due to the substrate phase transition when compared with Fig. 6(a).
In comparison to the measurements at 295 K shown in
Figs. 6 and 7, the angular dependence of linear dichroism
domains at 260 K in Fig. 8(e) shows that strain domains retain
a uniaxial angular dependence upon cooling through the phase
transition, but the number of symmetry states has changed. The
ferroelectric dipole direction rotates from 6 possible 〈100〉
type directions at room temperature to 12 possible 〈110〉
type directions in the orthorhombic phase and ﬁnally to 8
possible 〈111〉 directions in the rhombohedral phase.32 Upon
cooling from the room-temperature tetragonal phase through
the orthorhombic and rhombohedral phase transitions (Fig. 9),
we see the a1-a2 CFO strain domain variants change from
alternating stripes of width 1–10 μm and length of hundreds
of μm, to an array of alternating parallelogram-shaped strain
domains of approximate size 5 μm with one set of walls along
a [100] axis and the other set at either 60◦ or 120◦ to the [100]
FIG. 9. (Color online) Fe edge PEEM-XLD image sequence
on cooling from room temperature to 160 K and back to room
temperature. Red lines are guides to the eye indicating XLD domain
boundaries. The black scale bars are 5 μm long, and the black arrows
indicate in-plane [100] and [010] directions.
wall. Further cooling reorients these domain walls to lie along
[010] directions in the rhombohedral phase, and the a1-a2
alternating stripe pattern is restored after warming the sample
back to room temperature, though the width and location of
the stripes has been randomized. This change in domain wall
orientation of the CFO strain domains is determined by the
BTO substrate due to the necessity of having continuity of
the normal component of the ferroelectric dipole across the
domain wall and to minimize strain, and the zigzag pattern in
the orthorhombic phase has been previously observed in BTO
crystals.33,34
There is a strong change in the Fe XLD signal between
the tetragonal and orthorhombic phases, and to verify that this
change is due to a variation in strain state in the ﬁlm imposed
by the substrate undergoing this phase transition, we have
measured the temperature-dependent XLD intensity and out-
of-plane lattice parameter across the cubic-tetragonal phase
transition for the same a1-a2 type domain variant CFO/BTO
sample (Fig. 10). The temperature-dependent change in
BTO and CFO lattice parameters is measured by variable
temperature x-ray diffraction, and the 004 CFO plane spacing
(×4) when passing through the tetragonal-cubic substrate
transition is plotted in Fig. 10(a). For comparison, the XLD
intensity at the Fe L2b edge is shown for both a1 and a2 type
domain variants in the same temperature region with the a1
ferroelectric axis oriented along the x-ray incidence direction.
Upon heating through the ferroelectric Curie temperature at
410K, the stripelikeXLDdomains disappear and the strong in-
plane twofold ferromagnetic contrast shown in Figs. 6(c)–6(e)
and 1(b) changes to a fourfold symmetric magnetic contrast
similar to the CFO/MgO sample contrast seen in Fig. 1(a).
Above 410 K it can be seen in Figs. 10(b) and 10(c) that the
contrast for differing domains converges towards a uniform
value; thus the ﬁlm strain becomes homogeneous above 410K.
Asmentioned earlier, in the paraelectric BTO phase, we expect
the CFO ﬁlm to have a cubic fourfold compressive strain, and
this is reﬂected in the uniform linear dichroism across the
sample surface. The change in domain structure measured
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FIG. 10. (Color online) Temperature dependence of (a) out-of-
plane lattice parameter and contrast for CFO/BTO linear dichroism
domains with in-plane ferroelectric axis (b) along or (c) orthogonal to
the x-ray incidence direction at the Fe L2b edge upon warming (thick
red lines) or cooling (thin blue lines) across the tetragonal-cubic BTO
phase transition. Both sets of XLD domains converge towards a value
of 0.005 above TCurie indicating a uniform strain state in the ﬁlm above
410 K.
with XMCD and XLD between 260 K and 450 K illustrates
the signiﬁcant inﬂuence that the substrate-induced strain has
on the magnetic anisotropy of the ﬁlm.
IV. CONCLUSIONS
We have simultaneously studied both nanoscale ferro-
magnetic and anisotropy properties of artiﬁcial multiferroic
systems in the form of a ferromagnetic thin ﬁlm epitaxially
grown on a ferroelectric substrate. The substrate imprints
a strain pattern that corresponds to the surface ferroelectric
domain structure, and this structure can be modiﬁed by
crossing phase transitions upon either cooling or heating the
sample. As a result of the strong elastic interaction between the
ﬁlm and substrate, the symmetry of the ﬁlm strain state, and in
turn the magnetic anisotropy of the ﬁlm, is strongly linked
to the substrate ferroelectric state. With PEEM dichroism
imaging, we have spatially mapped changes in magnetic
anisotropy at the level of individual ferromagnetic domains
caused by modifying the ferroelectric domain structure of
the substrate. Thus, we have demonstrated the imprinting
of magnetic states in an artiﬁcial multiferroic system via
strain-mediated coupling at the ferroelectric-ferromagnetic
interface.
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